Epithelial barrier function and ion transport was studied in coeliac sprue using a miniaturised Ussing device for measurements on diagnostic aspiration biopsy specimens from the jejunum of untreated or gluten free nourished sprue patients, or from healthy controls. Pure epithelial resistance (Re) indicating epithelial barrier function was determined by transmural alternating current impedance analysis. It was reduced by 56% in acute sprue mean (SEM) (9 (1) fQ.cm2) compared with controls (20(2) (Gut 1995; 37: 777-782) 
Abstract
Epithelial barrier function and ion transport was studied in coeliac sprue using a miniaturised Ussing device for measurements on diagnostic aspiration biopsy specimens from the jejunum of untreated or gluten free nourished sprue patients, or from healthy controls. Pure epithelial resistance (Re) indicating epithelial barrier function was determined by transmural alternating current impedance analysis. It was reduced by 56% in acute sprue mean (SEM) (9 (1) fQ.cm2) compared with controls (20(2) fl.cm2). In gluten free nourished sprue patients RC was only partly recovered (15 (1) 1Q.cm2). Subepithelial resistance (Rsub) was also changed from 28 (1) fQ cm2-in control to 17 (1) flQcm2 in acute sprue because of the change in mucosal architecture, but was unchanged in gluten free nourished sprue patients (29 (4) Q1.cm2). In acute sprue, unidirectional Na+ and Cl-fluxes were increased in both directions as a consequence of the decreased resistance. However, short circuit current (Isc) as well as Nal and Clnet fluxes were not significantly different from control. Subsequently, the electrogenic Cl-secretory system was investigated. After Coeliac disease is characterised by gluten sensitivity and hyper-regenerative transformation of the mucosa ('villous atrophy' or 'flat mucosa'). Diarrhoea is one of the most prominent clinical features. Regarding diarrhoeal mechanisms, a reduction in villus area and consequently in Na+-glucose cotransport are important. In addition, the epithelial barrier has been suggested to be impaired in a freeze fracture electron microscopy analysis.'
This was supported by in vivo tests, which show an increased intestinal permeability at least for disaccharides.24 Less information, however, is available on ionic permeability as well as on other active ion transport mechanisms as, for example, electrogenic Cl-secretion. In an in vivo perfusion study a decrease in urea permeability was found, which was taken as evidence for an increased tightness of the sprue mucosa.5
The method of choice to study these epithelial functions would have been the Ussing technique, so far never applied to coeliac sprue. This technique offers a defined area reference for the study of the barrier function and permits characterisation of single active transepithelial transport processes. This technique usually requires large pieces of intestine that can only be obtained during surgery. To overcome this problem, a miniaturised chamber was used to study epithelial barrier function and ion transport processes on intestinal aspiration biopsy specimens.
Important results were that the epithelial barrier function was disturbed in acute coeliac sprue and the electrogenic Cl-secretory system was not impaired, although it was not found to be activated in the Ussing chamber in vitro when compared with control.
Experimental groups
The study was approved by the local ethics committee. Diagnostic biopsies were routinely performed in the university children's hospital. Aspiration biopsy specimens from the jejunum of three groups of children were included: healthy controls, acute coeliac sprue patients, and gluten free nourished sprue patients. The criteria for including children into the healthy control group were: no clinical symptoms at the time of the biopsy and a normal mucosal architecture under normal (gluten containing) diet as well as no gliadin antibodies.
Children were included into the group of acute coeliac sprue who had clinical symptoms of coeliac disease including diarrhoea at the time of the biopsy as well as complete hyperregenerative transformation of the jejunal mucosa ('flat mucosa'). In the subsequent follow up, the diagnosis was confirmed by clinical recovery with a gluten free diet, a complete normalisation of the mucosal architecture in jejunal biopsy specimens after one year of gluten free nourishment, and a morphological response to four weeks gluten exposure (1 g per kg body weight daily).
The specimens from the gluten free nourished coeliac sprue patients were obtained after one year of gluten free diet. Criteria for acceptance were: (a) symptoms of coeliac disease and a 'flat mucosa' in the biopsy specimen one year ago, (b) clinical and complete morphological recovery under gluten free diet (that is, specimens showing partial villous atrophy were not included), and (c) a morphological response to four weeks' gluten re-exposure thereafter.
Experimental procedure Small pieces of jejunum were obtained during diagnostic biopsies with a Watson system.6 They were glued on plastic rings (inner diameter 2.5 mm, outer diameter 4 mm), which were subsequently mounted into a modified Ussing chamber allowing for conventional short circuit current and flux measurements as well as alternating current impedance analysis. The time between the biopsy procedure and mounting the tissue into the chamber was about one hour during which the samples were kept in oxygenated, 10 mM glucose containing standard medium at 4°C. After 10 minutes equilibration in the chamber, impedance analysis and two 10 minute flux periods were performed. Subsequently, the standard medium was changed to a chloride and bicarbonate free medium and then electrogenic Cl-secretion was characterised as described below. increasing but still very small inherent capacitive properties. At the highest frequency used 65 kHz, the imaginary part of the impedance of the fluid filled chamber (without tissue) was -3 fQcm2. These deviations were corrected for in each single experiment (see later).
Ussing chamber
Alternating current impedance measurements Impedance analysis was performed as introduced previously8-'2 using a programmable 1250 frequency response analyser in combination with a 1286 electrochemical interface (Solartron Schlumberger, Farmborough, Hampshire). Sine wave alternating currents (35 jiA/cm2 eff) in the range of 1 Hz to 65 kHz were applied and the voltage responses detected. Each impedance measurement consisted of 48 measurements at increasing frequency and took about one minute. The complex impedance was calculated on line and stored on the hard disk of a personal computer. The impedance locus was plotted in a Nyquist diagram. Correction for the impedance of the experimental set up was performed by measuring the impedance of the fluid filled chamber and subtracting it for each frequency from subsequently measured impedance data. Correction was done by vector subtraction in the complex impedance plane. This procedure also included correction for bath resistance.
Discrimination of epithelial and subepithelial resistance Discrimination of epithelial and subepithelial resistance by impedance analysis was performed as described earlier. [8] [9] [10] [11] [12] Briefly, for each impedance locus plot a circle segment was fitted to the data points by least square analysis. From this circle segment three parameters of a lumped electrical equivalent circuit were obtained, modelling the epithelium as a unit of a resistor (Re) and a capacitor (Ce) in parallel and the subepithelium as a resistance (Rsub) in series to this RC unit.13 Thus, the impedance technique discriminates between the epithelial (Re) and the subepithelial (Rsub) contribution to the total wall resistance (Rt).
'sc and Na+ and Cl-fluxes 7-4 at 37°C). The tissues were stimulated by prostaglandin E1 (10 ,uM) plus theophylline (10 mM) on both sides. Then, the increase in Isc (AIsc) was measured after (mucosal and serosal) addition of Cl-. Solutions were always identical on both sides of the Ussing chamber to avoid dilution potentials. The Cl-concentration was raised in about five minute intervals by partly replacing the Cl-and HCO3-free medium by a medium containing 120 mrM Clinstead of 60 mM S042-and 60 mM mannitol. This resulted in final Cl-concentrations of 10, 20, and 40 mM. AISCmaX (Vmax) Alternating current impedance measurements In Fig 1 original impedance locus plots of control jejunum (Fig IA) and acute coeliac sprue (Fig iB) are shown and the statistical analysis of the impedance measurements is given in Table I . In control jejunum, epithelial and subepithelial resistance was 20 (2) fQ cm2 and 28 (1) Qfcm2, respectively. Thus, subepithelial resistance contributed almost 60% to the total wall resistance in jejunal aspiration biopsy specimens. This, however, is in line with previous findings of a subepithelial resistance contribution of more than 80% to the overall wall resistance in (intact) rat jejunum still containing the muscularis propria9 and further supports the view that the proximal small intestine is one of the most conductive epithelia.
When compared with control, the jejunum from acute coeliac sprue patients showed a decrease in epithelial resistance by 56% (from 20 (2) Q cm2 in control to 9 (1) fQcm2 in acute coeliac sprue). Concomitantly, subepithelial resistance was also reduced from 28 (1) fl.cm2 in control to 17 (1) fl.cm2 acute coeliac sprue.
In gluten free nourished coeliac sprue patients epithelial resistance was only partly recovered (15 (1) fQ cm2) when compared with acute coeliac sprue patients, while subepithelial resistance was restored to normal (29 (4) Q1 cm2). Before transport data of control and coeliac sprue can be compared, correction is necessary for the respective subepithelial resistance contributions.* Generally, after correction for the bathing solution, the factor by which the measured transport rate underestimates the true active transport is given by the ratio of total wall resistance over epithelial resistance (RtIRe). 8-12 15 18 19 Rt/Re was 2.4 in control, 3 .0 in acute coeliac sprue, and 2X9 in the jejunum of gluten free nourished sprue patients (NS Table I ), which means that measured ISC and net fluxes considerably underestimate true transport rates. However, Rt/Re was similar and consequently the degree of underestimation proportional in all three groups.
ISC and Na+ and Cl-fluxes 20 Firstly, active transport is superposed by large diffusional movements of 22Na+ and 36C1-through the highly conductive paracellular pathway in this very leaky epithelium making it difficult to detect small active transport rates. Secondly, epithelial resistance is less than half of total resistance. Therefore, most of the actively transported ions diffuse back according to the epitheliall subepithelial resistance ratio (see above).
As significant net fluxes were not detectable in our study it was impossible to draw any conclusion regarding the ionic basis of ISC. In the jejunum of the rat Munck20 investigated the ionic basis of ISC by means of ISC measurements during ion substitution. He found that ISC can be accounted for to one third by electrogenic Nal absorption and to two thirds by electrogenic Cl-secretion (while net flux was also not significantly different from zero). Although not studied in this paper, it may be reasonable to assume that these two transport systems are responsible for ISC also in the jejunum of humans.
In acute coeliac sprue, the jejunum exhibited a decrease in total resistance (see Table I ) as a consequence ofwhich (and in support of which) unidirectional Na+ and Cl-fluxes were increased in both directions (ms and sm). Net fluxes for Na+ and Cl-, however, were again not significantly different from zero (see above). When compared with control jejunum, all active transport rates including ISC and net Na+ and Cl-fluxes were not significantly changed in acute coeliac sprue even after correction for the respective subepithelial resistances (Table II) . Electrogenic Cl-secretion The electrogenic Cl-secretory system was investigated after maximal stimulation by simultaneous addition of theophylline and prostaglandin E1. In both control jejunum and acute sprue, after addition of Cl-to the Clfree bathing solution ISC increased (Fig 2) . Impaired Cl-secretory system? Finally, the question arose whether the lack of secretion in our Ussing experiments could have resulted from the absence or disturbance of the electrogenic Cl-secretory system in the hyper-regeneratively transformed sprue mucosa, as is the case for the Na+-glucose cotransport system. While the reduction in Na+-glucose cotransport is caused by reduced villus surface area in untreated coeliac sprue, electrogenic Cl-secretion could be handicapped by cell immaturity of the crypt enterocytes in the hyper-regeneratively transformed mucosa. To check the maximal transport rate of the electrogenic Cl-secretory system, stimulation was performed with theophylline plus prostaglandin E1. It was shown for the first time in this study that the electrogenic C1-secretory system was not impaired in the acute stage of coeliac disease. The tendency of a higher electrogenic Cl-secretion transport capacity could be caused by the increased crypt cell mass of the hyper-regeneratively transformed mucosa in coeliac sprue, but this did not reach statistical significance. Taken together, the lack of spontaneous Cl-secretion in the untreated sprue mucosa is not caused by damage to this transport system, but is by a lack of activation.
This work was supported in part by the Deutsche Forschungsgemeinschaft (Schu 559/2-2 and Schu 559/4-1). We thank P Clausen, A Fromm, U Lempart, and S Luderitz for their excellent technical assistance.
